or regulation of the immune and inflammatory responses through a mechanism analogous to that used in animals (iNOS). Consistent with this possibility, we demonstrate in this paper that the major pathogen-induced NO synthesizing enzyme is not NR but, rather, a variant form
. Since this increase coinferent physiological processes such as relaxation of cided with a burst of ROS, it is possible that NO and vascular muscle tissue (eNOS), neurotransmission (nNOS), ROS work together to signal plant defense responses or regulation of the immune and inflammatory responses through a mechanism analogous to that used in animals (iNOS). Consistent with this possibility, we demonstrate in this paper that the major pathogen-induced NO synthesizing enzyme is not NR but, rather, a variant form of the P protein of the glycine decarboxylase complex NOS or clone its encoding gene were unsuccessful. In-(GDC).
deed, analysis of the complete Arabidopsis genome failed to detect an NOS-like gene. Thus, while the toResults bacco NOS-like activity exhibited similar cofactor requirements and inhibitor sensitivities as mammalian TMV Inoculation Induces an NOS-like Activity in NOSs, it remained unclear whether this enzyme was an a Resistance-Specific Manner NOS. To establish its identity, we developed a purificaPreviously, NOS activity was investigated in TMV-resistion scheme that involved G-25 Sephadex column chrotant (Xanthi nc [NN] ) and TMV-susceptible (Xanthi [nn]) matography, ammonium sulfate precipitation, and four tobacco that had been shifted from 32ЊC to 22ЊC at 48 additional column chromatography steps (see Experihr post infection (hpi; Durner et al., 1998) . Since N genemental Procedures for details). This purification scheme mediated resistance to TMV is temperature sensitive, is summarized in Table 1 (top), and typical elution proXanthi nc (NN) plants maintained at 32ЊC fail to accumufiles for total protein concentration and NOS-like activity late SA, express PR genes, develop necrotic lesions from the final four chromatography steps are shown in (HR), or restrict viral replication and spread (Malamy et Figure 2. Following fractionation of the 0%-35% ammoal., 1992). Upon shifting to permissive temperatures, nium sulfate precipitate on DEAE-Sepharose, a single, these responses are strongly activated in a rapid and broad peak of NOS activity was detected (Figure 2A ). nearly synchronous manner. NOS-like activity also was
The fractions containing peak NOS activity were pooled found to increase ‫5ف‬ fold within 3 hr of the temperature and sequentially subjected to ARG-Sepharose ( ence of Arg as the substrate. SDS-PAGE analysis of the However, while pathogen infection consistently stimupooled fractions from each purification step revealed lated this NOS-like enzyme, the actual level of NOS activthe presence of four major bands in the peak NOSity was highly variable.
containing fractions eluted from the CaM-Sepharose To improve detection of the tobacco NOS-like encolumn. These included a doublet of approximately 120 zyme, the extraction conditions were modified (see ExkDa and 115 kDa and two lower molecular weight (MW) perimental Procedures). In addition, NOS activity was bands of 50 kDa and 35-37 kDa ( Figure 1C ). Through this measured using an oxy-hemoglobin assay, which monipurification scheme, the NOS-like activity was purified tors the NO-mediated conversion of the oxygenated, ‫-000,33ف‬fold from approximately 8 kg of TMV-infected ferrous form of hemoglobin (HbO 2 ) to ferric methemoglotobacco leaves (Table 1 , top). The purified protein exhibbin (metHb), as well as by the citrulline assay. Using the ited a specific activity of 984 nmol min Ϫ1 mg Ϫ1 and repreoptimized extraction and assay conditions, the inducsented approximately 0.000005%-0.000015% of the totion of NOS activity in TMV-infected, temperaturetal soluble protein or approximately 50-150 pg/mg shifted Xanthi nc (NN) tobacco was found to be more protein. rapid and substantially greater than previously detected To ensure that we were purifying an NOS-like enzyme, ( Figure 1A ). An approximately 9-fold increase was derather than nitrate reductase or another enzyme capable tected by 1 hr post shift (hps); NOS activity then inof generating NO (Rockel et al., 2002) , the oxy-hemoglocreased another ‫2ف‬ fold to peak at 4 hps before debin assays were performed in parallel using either Arg creasing gradually out to 8 hps. By contrast, no increase or N-hydroxy-L-arginine (NOHA) as the substrate. NOHA in NOS activity was detected in mock-inoculated Xanthi is the intermediate formed during the conversion of Arg nc (NN) or TMV-inoculated Xanthi (nn) plants following to NO and citrulline by all eukaryotic NOSs; it is not a the temperature shift ( Figure 1A ). NOS activity also was substrate for NR. Similar levels of NOS activity were monitored in pathogen-inoculated Xanthi nc (NN) plants detected when either substrate was provided (Figure 2 ). maintained at 22ЊC. In response to TMV inoculation, a NOS activity also was monitored using a citrulline assay, 5-fold increase in NOS activity was detected by 2 hr which is the standard assay used in animal systems. post inoculation (hpi), and a 25-to 30-fold increase was Comparable levels of NOS activity were detected in the observed by 22 hpi ( Figure 1B) . Similarly, a large (7 fold), crude extract and fractions from the different purificaalthough transient, increase in NOS activity was exhibtion steps by the citrulline and oxy-hemoglobin assays ited by Xanthi nc (NN) plants inoculated with the nonhost ( Figure 3A) . Finally, the purified tobacco enzyme was pathogen Pseudomonas syringae pv. maculicola, which shown to have NOS activity using another standard NOS induces a variety of defense responses including HR assay, the Greiss assay (data not shown 
that the purified L-NMMA-sensitive NOS-like enzyme is
The Tobacco NOS-like Protein Is a Variant P Protein of Glycine Decarboxylase responsible for the majority of NO production in tobacco leaves resisting TMV infection.
To determine the identity of the bands detected by SDS-PAGE following CaM-Sepharose chromatography (FigWhether the tobacco NOS-like enzyme required CaM also was investigated. For animal NOSs, CaM binding ures 1C and 1D), tryptic peptides were generated by in gel digestion and sequenced by manual nano-electrostimulates NO synthesis by enhancing electron transfer from NADPH to the flavins, and subsequently to the spray tandem mass spectroscopy (ESI-MS/MS). Database searches of the molecular ions against NCBI indiheme. This CaM-stimulated activation of the reductase domain can be detected as a change in the emission cated that the ‫021ف‬ kDa band (band a in Figure 1D ) matched the Arabidopsis homologs of the P protein of spectra of tryptophan and flavin. Similar to animal NOSs, the purified tobacco NOS-like enzyme exhibited eleglycine decarboxylase (GDC), the ‫511ف‬ kDa protein was the tobacco ferredoxin-dependent glutamate synthase vated tryptophan ( Figure 3D ) and flavin ( Figure 3E CaM-Sepharose chromatography suggested that the P thesizing activity; its deduced aa sequence is shown in Figure 4A . protein of GDC and/or Fd-GltS is the tobacco NOS-like activity ( Figure 1D ). MS analysis performed on other
The GDCs form a unique class of amino acid decarboxylases for which there is little direct structural inforpreparations of highly purified tobacco NOS-like activity also suggested that the P protein of GDC copurified mation (Sandmeier et al., 1994). However, sequence analysis of variant P identified several motifs that are with NOS activity.
Analysis of the Arabidopsis genome identified two similar in function to those found in mammalian NOSs ( Figures 4B and 4C ). The homology of the putative flavin genes that might encode the P protein of GDC (At4g33010 and At2g26080). Allowing for minor aa substitutions, binding site of variant P with the isoalloxazine motif of mammalian NOSs and other FAD-requiring enzymes is the deduced sequences of both genes matched four peptides assembled by manually annotating the MS/MS limited ( Figure 4C ). However, the observations that the tobacco enzyme requires FAD (Table 1 , middle) and has spectra. Since At4g33010 required less substitution to match the tobacco sequence, we designated it varP, a flavin emission spectra ( Figure 3D ) argue that this motif or a yet-to-be-identified motif participates in flavin for the variant P protein that is a candidate for NO syn- binding. Both variant P and P (At2g26080) also contain At2g26080 encodes a protein, designated P, which is 89% identical to variant P and contains at least two of a pyridoxal phosphate (PP) binding domain, which covalently binds this cofactor, and also likely forms an the above motifs. However, its N-terminal 80 aa are only 63% identical to those of variant P, and the sequences NADPH binding-Rossman fold ( Figure 4D) which were inhibited approximately 90%-95% by addiparticipates in NO synthesis. This is consistent with the observation that addition of PP modestly stimulates the tion of 200 M CM ( Figure 5A ). Similar results were observed using a relatively crude extract obtained prior activity of the tobacco enzyme ( Figure 5A ), perhaps by binding to a small portion of the purified enzyme that to affinity chromatography (data not shown) or when the highly purified tobacco enzyme was incubated with did not contain bound PP.
Confirmation that variant P has NOS activity was obaminoacetonitrile (data not shown). Thus, inhibitors that block P protein activity suppress the tobacco NOS-like
tained by expressing His 6 -tagged varP in E. coli and insect Sf9 cells. In crude E. coli extracts, induction of activity. Furthermore, since CM inhibits P protein function by reacting with PP, this result suggests that PP varP expression corresponded with the accumulation (Table 2) . A similar enrichment of an that detected in mock-inoculated control plants ( Figure  5D ). In comparison, no increase in NOS activity was ‫021ف‬ kDa protein and increase in NOS activity was observed when a soluble extract from induced E. coli cells detected in TCV-susceptible Col-0 plants throughout the time course. Taken together, these results demonwas subjected to sequential affinity chromatography with ARG-Sepharose and ADP-Sepharose ( Figure 5B) . strate that Arabidopsis, like tobacco, contains a pathogen-inducible NOS activity, which will be referred to as Consistent with these results, insect Sf9 cells infected with recombinant baculovirus expressing His 6 -tagged iNOS. varP exhibited 7-to 32-fold greater levels of NOS activity in the presence of H 4 B and heme than mock-or empty Discussion baculovirus vector-infected cells (Table 2) . These results conclusively demonstrate that the variant P protein has
In this paper, we report the first purification and de-NOS activity.
tailed characterization, to our knowledge, of a pathogenTo assess the kinetic properties of the variant P proinduced NO-synthesizing activity from plants. Following tein, the rate of citrulline and NO formation were meaa six-step purification protocol, biochemical and molecsured over time using the citrulline, oxy-hemoglobin, ular analyses revealed that this plant iNOS is a variant P and Greiss assays. All three assays indicated similar protein of the GDC complex. Since the variant P protein kinetics of citrulline and NO synthesis ( Figure 5C ). Comshares very little sequence homology with animal NOSs, parable Km's for Arg and Vmax's for the variant P protein this unexpected discovery explains why previous efforts were also obtained with the citrulline and Greiss assays to identify this enzyme failed. (Km ϭ 9.79 M, Vmax ϭ 40.16 mol/min/mg with citrulline assay and Km ϭ 10.52 M, Vmax ϭ 41.66 mol/ min/mg with Greiss assay). Together, these data indi-
Plant iNOS versus Animal NOSs
Despite the lack of sequence homology, the biochemical cate that both reaction products are made in near equimolar quantities. Additional kinetic parameters of the properties of the plant enzyme, including cofactor requirements and inhibitor sensitivity, as well as its kinetic purified tobacco enzyme and the recombinant Arabidopsis enzyme synthesized in E. coli were determined properties (with the exception of H 4 B; Table 1 , bottom), appear to be very similar to those of its animal counterusing the citrulline assay; they are compared to those of animal iNOSs in Table 1 (bottom). parts ( et al., 2002) , and HR formation present in vanishingly low amounts in uninfected plants. (Delledonne et al., 1998, 2001) . Similarly, these inhibitors Even after a 33,000-fold purification from TMV-infected worsen the course of disease caused by diverse patholeaves, which exhibit a 20-to 30-fold increase in NOS gens in animals (for review see MacMicking et al., 1997; activity, the tobacco iNOS represented 5% or less of Nathan and Shiloh, 2000; Bogdan, 2001) . Moreover, the protein in the purest fraction ( Figure 1D ). Assuming mice containing knockout mutations in both copies of 5%, the specific activity of the purified iNOS would be the iNOS gene are more susceptible than wild-type mice ‫02ف‬ mol/min/mg (Table 1, The GDC Complex and Plant Variant P/iNOS that this rapid activation is mediated by CaM and The GDC multienzyme complex, which is over 1300 kDa changes in Ca 2ϩ levels, as is the case for mammalian in size, is present in the mitochondrial matrix of plant eNOS and nNOS. Alternatively, the rapid increase in NOS and animal cells and is also found in microbes (for reactivity following infection or elicitor treatment might be view see Douce et al., 2001 ). In addition to the 100-120 due to stimulation of a distinct, constitutively expressed kDa pyridoxal phosphate-containing P protein, the GDC NOS-like enzyme. Supporting this latter possibility, imcomplex contains L protein, a 50-60 kDa lipoamide munoblot analyses with antibodies raised against anidehydrogenase; T protein, a 40-45 kDa tetrahydrofomal NOSs have identified constitutively expressed prolate-containing enzyme; and H protein, an ‫51ف‬ kDa liteins of 166 kDa in maize (Ribeiro et al., 1999) and poamide-containing enzyme. This complex, along with soybean (Modolo et al., 2002) , and 130 kDa in pea (Barserine hydroxymethyltransferase, catalyzes the converroso et al., 1999). Caution must be exercised when intersion of two glycine molecules into serine, CO 2 , and NH 3 . preting these data, however, since we have detected In green plant tissue, the GDC subunits represent up to considerable cross reactivity between tobacco proteins 50% of the mitochondrial protein; this massive amount and similar antibodies prepared against mammalian of enzyme is used to salvage glycine produced by RuBPNOSs. This cross reactivity may be due to the presence Case (a key photosynthetic enzyme) during photorespiof cofactor binding motifs found in animal NOSs and ration. unrelated plant proteins that may not have NO synthesizThe N-terminal ‫08ف‬ aa of P proteins, which include ing capacity. the predicted transit sequence, differ markedly between In contrast to the sizes of the soybean, maize, and plants and their animal and microbial counterparts. Inpea proteins recognized by antibodies raised against terestingly, most of aa differences between the P proanimal NOSs, the purified tobacco iNOS and recombitein, which presumably forms part of GDC, and the varinant Arabidopsis variant P protein appear to be ‫021ف‬ ant P (iNOS) of Arabidopsis also reside in this region. kDa. This size is consistent with a deduced molecular Despite 89% identity and 92% similarity overall, these mass of 113 kDa for the Arabidopsis protein. Taken ), perhaps elevated NO production by the Vb/Pc-2-encoded variant ciated with the GDC complex are unlikely to have NOS activity. At present we do not know if the Arabidopsis P might stimulate an HR and resistance to the biotrophic P. coronata. By contrast, increased NO synthesis follow-P protein encoded by At2g26080 has NOS activity. However, we suspect it does not but, rather, is part of the ing C. victoriae infection might enhance susceptibility by increasing the availability of nutrients from dying host GDC complex. As such, it would be present in very large amounts in the mitochondria of green tissue, including cells, thereby enhancing growth during the necrotrophic phase of this hemibiotrophic pathogen. leaves. If P were to have NOS activity, leaves would be expected to contain very high levels of this activity even In summary, our results demonstrate that plants, like animals, contain an iNOS that is activated in a resisin the absence of infection; this was not detected in tobacco or Arabidopsis. By contrast, the extremely low tance-specific manner following pathogen infection. The surprising discovery that plant iNOS is a variant P protein level of NOS-like activity detected even in tobacco resisting TMV infection suggests that the variant P genes of the GDC complex explains the many difficulties encountered during attempts to isolate this enzyme. Moreof tobacco and Arabidopsis are expressed at extremely low levels and/or only under certain conditions, such as over, identification of the plant iNOS will open novel avenues for understanding both how NO mediates disduring a disease resistance response.
In contrast to GDC, which is targeted to the mitochonease resistance in plants and the chemistry of NO synthesis. dria, the subcellular location of variant P/iNOS is currently unclear. The rapid appearance of NO within the A full-length cDNA clone of varP was obtained from the Arabidopsis Biological Resource Center (ABRC) and the complete fragment was amplified using the oligos GGATCCATGGAGCGCGCAAGGAGAC NOS Activity Assays TTGC and GTCGACTCAAGCAGACACTGCAGCTGCGAC, which have NOS activity was measured using the oxy-hemoglobin assay (MurBamHI and SalI sites, respectively, using Herculase hotstart DNA phy and Noack, 1994) with slight modifications. Briefly, a reaction polymerase (Stratagene). PCR was performed under the following mixture (total volume of 1 ml) in 10 mM Hepes (pH, 7.0) contained conditions: 2 min at 92ЊC, 10 s at 92ЊC, 30 s at 58ЊC, 3.5 min at enzyme (200 l from crude or G-25 Sephadex or 100 l from the 72ЊC, and 1 min at 72ЊC for 30 cycles. The purified amplified fragment other purification steps), 1 mM Arg or 100 M NOHA or 1 mM nitrowas ligated to BamHI and SalI digested pET-28a and pFastBac L-arginine, 1 mM magnesium diacetate, 1 mM CaCl 2 , 1 M CaM, vectors. and 4 M FAD; this was incubated at 37ЊC for 30 min. Reactions Ligation of the PCR-generated fragment to the pET-28a E. coli were stopped by heat inactivation at 50ЊC for 10 min or by addition expression vector (Novagen) introduced an N-terminal hexahistidine of 200 mM EDTA. To ensure that this assay accurately reflected leader peptide. Fusion variant P proteins were synthesized in the NOS activity, duplicate reactions were performed in the presence soluble fraction of E. coli strain Bl21(DE3) (Novagen) and affinity or absence of nitro-L-arginine. Since this arginine analog inhibits purified on Ni-NTA agarose (Novagen) in the presence of 8 mM NOS activity, any metHb generated in its presence is produced mercaptoethanol, according to manufacturer's instructions, or by by nonspecific HbO 2 oxidation. NOS activity was determined by using ARG and ADP affinity chromatography as described above. subtracting the amount of metHb produced in the presence of this The PCR-generated varP fragment ligated to pFASTBac was inhibitor from the amount generated in its absence. Therefore, this transformed into DH10Bac cells (Invitrogen), and the recombinant assay would not detect the NO synthesis activity of NR. The reaction bacmid was isolated from white colonies according to manufacturwas started by addition of NADPH to 100 M and H 4 B to 10 M.
er's instructions. Isolated recombinant DNA was used for transfecThe change in absorbance was recorded at 401 nm. Citrulline assays tion of Sf9 insect cells as per manufacturer's instructions. were done according to the procedure of Bredt and Snyder (1989). The Greiss assay was done according to Hevel and Marletta (1994) . Acknowledgments For time kinetics experiments using the citrulline and Greiss assays, the reactions were stopped either by heat inactivation at 50ЊC for We would like to thank Brian Crane for his expert advice and assis 
